TRIC-A Channels in Vascular Smooth Muscle Contribute to Blood Pressure Maintenance  by Yamazaki, Daiju et al.
Cell Metabolism
ArticleTRIC-A Channels in Vascular Smooth Muscle
Contribute to Blood Pressure Maintenance
Daiju Yamazaki,1 Yasuharu Tabara,3 Satomi Kita,4 Hironori Hanada,5 Shinji Komazaki,6 Daisuke Naitou,1 Aya Mishima,1
Miyuki Nishi,1 Hisao Yamamura,7 Shinichiro Yamamoto,1 Sho Kakizawa,1 Hitoshi Miyachi,2 Shintaro Yamamoto,4
Toshiyuki Miyata,5 Yuhei Kawano,5 Kei Kamide,8 Toshio Ogihara,8 Akira Hata,9 Satoshi Umemura,10 Masayoshi Soma,11
Norio Takahashi,12 Yuji Imaizumi,7 Tetsuro Miki,3 Takahiro Iwamoto,4 and Hiroshi Takeshima1,*
1Graduate School of Pharmaceutical Sciences
2Institute for Virus Research
Kyoto University, Kyoto 606-8501, Japan
3Graduate School of Medicine, Ehime University, Ehime 791-0295, Japan
4Faculty of Medicine, Fukuoka University, Fukuoka 814-0180, Japan
5National Cerebral and Cardiovascular Center, Osaka 565-8565, Japan
6Saitama Medical University, Saitama 350-0495, Japan
7Graduate School of Pharmaceutical Sciences, Nagoya City University, Aichi 467-8603, Japan
8Graduate School of Medicine, Osaka University, Osaka 565-0871, Japan
9Graduate School of Medicine, Chiba University, Chiba 260-8670, Japan
10Graduate School of Medicine, Yokohama City University, Kanagawa 236-0004, Japan
11School of Medicine, Nihon University, Tokyo 173-8610, Japan
12Radiation Effects Research Foundation, Hiroshima 732-0815, Japan
*Correspondence: takeshim@pharm.kyoto-u.ac.jp
DOI 10.1016/j.cmet.2011.05.011SUMMARY
TRIC channel subtypes, namely TRIC-A and TRIC-B,
are intracellular monovalent cation channels postu-
lated to mediate counter-ion movements facilitating
physiological Ca2+ release from internal stores. Tric-
a-knockout mice developed hypertension during
the daytime due to enhanced myogenic tone in resis-
tance arteries. There are two Ca2+ release mecha-
nisms in vascular smooth muscle cells (VSMCs);
incidental opening of ryanodine receptors (RyRs)
generates local Ca2+ sparks to induce hyperpolariza-
tion, while agonist-induced activation of inositol tri-
sphosphate receptors (IP3Rs) evokes global Ca
2+
transients causing contraction. Tric-a gene ablation
inhibited RyR-mediated hyperpolarization signaling
to stimulate voltage-dependent Ca2+ influx, and ad-
versely enhanced IP3R-mediated Ca
2+ transients by
overloadingCa2+ stores in VSMCs.Moreover, associ-
ation analysis identified single-nucleotide polymor-
phisms (SNPs) around the human TRIC-A gene that
increase hypertension risk and restrict the efficiency
of antihypertensive drugs. Therefore, TRIC-A chan-
nels contribute to maintaining blood pressure, while
TRIC-A SNPs could provide biomarkers for constitu-
tional diagnosis and personalized medical treatment
of essential hypertension.
INTRODUCTION
Ca2+ release from the endo/sarcoplasmic reticulum (ER/SR) regu-
lates important cellular functions. Ryanodine receptors (RyRs) ex-Celpressed in excitable cells and inositol 1,4,5-trisphosphate recep-
tors (IP3Rs) distributed in almost all types of cells comprise a
family of Ca2+ release channels that are structurally and function-
allydistinct fromotherknown ionchannels (Fleischer,2008;Patter-
son et al., 2004). To regulate separate cellular functions, RyRs
and IP3Rs are activated by different mechanisms and often gene-
rate Ca2+ signals with distinct spatiotemporal characteristics. For
example, in vascular smooth muscle cells (VSMCs), spontaneous
RyR opening generates local Ca2+ sparks that activate cell-
surfaceCa2+-dependentK+ channels leading tohyperpolarization,
while agonist-induced IP3R activation evokes global Ca
2+ trans-
ients, which frequently accompany Ca2+ waves and oscillations,
inducing contraction (Berridge, 2008;Wellman and Nelson, 2003).
When Ca2+ is released from the ER/SR, a negative potential
probably arises in the lumen that would disturb subsequent
Ca2+ release. Therefore, physiological Ca2+ release likely re-
quires counter-ion movements to balance ER/SR membrane
potential (Meissner, 1983). We have identified TRIC (trimeric
intracellular cation) channels that form bullet-shaped homo-
trimers to function as monovalent cation channels (Pitt et al.,
2010; Yazawa et al., 2007). Recent our studies in mutant embry-
onic cardiomyocytes, alveolar epithelial cells, and skeletal myo-
cytes from knockout mice indicate that TRIC channels act as
counter-ion channels facilitating physiological ER/SR Ca2+
release (Yamazaki et al., 2009; Zhao et al., 2010). However, the
vital roles of TRIC channel subtypes, designated TRIC-A and
TRIC-B, still remain to be investigated in various tissues. We
report here the essential contribution of TRIC-A channels to SR
Ca2+ handling in VSMCs for blood pressure (BP) maintenance.
RESULTS AND DISCUSSION
Hemodynamic Abnormalities in Tric-a-Knockout Mice
Tric-a-knockout mice are normal in terms of growth, reproduc-
tion, and motor function (Yazawa et al., 2007). However, skeletall Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier Inc. 231
Figure 1. Hypertensive and Bradycardiac Phenotypes in Tric-a-Knockout Mice
(A and B) Daytime hypertension and bradycardia in Tric-a-knockout mice. Circadian fluctuations in systolic BP (A) and HR (B) were telemetrically monitored, and
the data were averaged over each 2 hr interval during a 24 hr period.
(C) BP and HR monitoring by tail-cuff plethysmography during daytime. Autonomic controls were blocked by intraperitoneal injections of the muscarinic
antagonist atropine (Atr, 4 mg/kg) and b1-antagonist metoprolol (Met, 4 mg/kg).
(D) BP-lowering effects of depressors at submaximal doses. Drugs injected intraperitoneally were Pra (a1-antagonist prazosin, 1 mg/kg), Clo (a2-agonist
clonidine, 0.1 mg/kg), Can (angiotensin II AT1-receptor blocker candesartan, 10 mg/kg), BQ123 (endothelin A-receptor blocker, 1 mg/kg), OPC (vasopressin
V1-receptror blocker OPC-21268, 10 mg/kg), Y27632 (Rho kinase inhibitor, 5 mg/kg), Nic (dihydropyridine Ca2+ antagonist nicardipine, 1 mg/kg), Ver (phe-
nylalkylamine Ca2+ antagonist verapamil, 12mg/kg), HOE (bradykinin antagonist HOE140, 1mg/kg), and hAM (adrenomedullin antagonist hAM22–52, 20mg/kg).
The data represent the mean ± standard error of the mean (SEM), and the numbers of mice examined are shown in parentheses. Statistical differences between
the genotypes are indicated by asterisks (*p < 0.05, **p < 0.01 in t test). See also Figures S1–S3 and Table S5.
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TRIC Channel and Vascular Tonusmuscle preparations from the knockout mice occasionally
generate alternan contractions, probably due to incidental SR
Ca2+ overloading, and also exhibit membranous vacuolation in
SR segments (Zhao et al., 2010). On the other hand, telemetric
monitoring of hemodynamics (Figures 1A and 1B) detected
high BP and slow heart rate (HR) in the knockout mice even at
young-adult stages (812 weeks old). Both hypertensive and
bradycardiac phenotypes were detected during daytime when
sympathetic stimuli are inactivated. The hemodynamic profiles
suggested that the knockout mice maintain circadian BP and
HR oscillations, and both the phenotypes were eliminated in
nighttime when sympathetic outputs are facilitated. Therefore,
autonomic controls are probably important in developing the
phenotypes. Furthermore, tail-cuff measurements carried out
during daytime confirmed these phenotypes in the knockout
mice (Figure 1C).
Hypertensive Phenotype in Tric-a-Knockout Mice
To survey the mechanism of daytime hypertension in Tric-a-
knockout mice, we examined pharmacological effects, induced
by the submaximal doses of various vasodepressors and evalu-
ated as BP shifts in tail-cuff measurements (Figure 1D and Fig-
ure S1 available online). Because resistance vessels are not
directly regulated by vagal outputs, as expected, the muscarinic
antagonist atropine did not affect the hypertensive phenotype. In
response to the a1-antagonist prazosin, which inhibits sym-
pathetic vasoconstriction, Tric-a-knockout and control mice232 Cell Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier Incshowed similar BP reduction. Therefore, when sympathetic
controls are abolished in resistance arteries, Tric-a-knockout
mice seem to retain the hypertensive phenotype. This assump-
tion was supported by vasodilating responses to the a2-agonist
clonidine, which presynaptically attenuates sympathetic adrena-
line/noradrenaline release. Moreover, inhibitors for various vaso-
active factors induced essentially the same effects in both geno-
types, suggesting that excessive secretion of endogenous
vasopressors is not associated with Tric-a-knockout hyperten-
sion. It is worthy of note that the Ca2+ channel antagonists nicar-
dipine and verapamil exerted potent depressor actions in the
knockout mice and canceled the hypertensive phenotype.
Comparable to the manner in which C19ORF42 lies with
TRIC-A on the human chromosome (Figure 6A), its ortholog
9130011J15Rik is adjacent to Tric-a in the mouse genome (Fig-
ure S2A). In Tric-a-knockout mice, the ectopic neomycin-resis-
tance gene is inserted into the 50-terminal region of the Tric-a
gene to disrupt the first exon (Yazawa et al., 2007) and could
also affect 9130011J15Rik gene expression, leading to the
hypertensive phenotype. However, the involvement of this puta-
tive gene was eliminated by our observations. Quantitative RT-
PCR analysis detected that 9130011J15Rik expression was
similar in various tissues from the knockout and control mice
(Figures S2B and S2C). Moreover, transgenic mice expressing
TRIC-A channels under the control of the a-smooth muscle actin
promoter were generated and bred with Tric-a-knockout mice
(Figures S2D–S2H). The Tric-a transgene was abundantly.
Cell Metabolism
TRIC Channel and Vascular Tonusexpressed in tissues containing SMCs and rescued hyperten-
sion developed under Tric-a-knockout conditions. The hyper-
tension-rescue mice, together with remarkable vasodilation
induced by Ca2+ channel antagonists in Tric-a-knockout mice,
suggest that abnormalities in SMCs expressing L-type Ca2+
channels are primarily responsible for the pathogenesis of the
hypertensive phenotype.
Bradycardiac Phenotype in Tric-a-Knockout Mice
When atropine and the b1 antagonist metoprolol were coadmi-
nistered to inhibit autonomic controls to the heart, tail-cuff
measurements detected similar intrinsic HRs between Tric-a-
knockout and control mice (Figure 1C), suggesting normal pace-
making in the mutant hearts. In single-agent administration,
atropine remarkably elevated HR to cancel the bradycardiac
phenotype, while the heart-slowing metoprolol maintained the
phenotype in the knockout mice. Therefore, vagal hyperactivity
during daytime is the direct cause of the bradycardiac pheno-
type. Predominant sympathetic stimuli probably prevent this
phenotype during nighttime.
The Rho kinase inhibitor Y27632, a1-antagonist prazosin,
angiotensin II AT1-receptor blocker candesartan, and Ca2+
channel antagonists primarily act in vessels. These vessel-
targeted depressors obviously attenuated the bradycardiac
phenotype in Tric-a-knockout mice (Figure S1), indicating that
vagal hyperactivity is induced by baroreceptor reflexes activated
under hypertensive conditions. Therefore, baroreflex-mediated
vagal hyperactivity, together with sympathetic inactivation dur-
ing daytime, probably promotes the bradycardiac phenotype in
the knockout mice. However, the phenotype was not canceled
in the hypertension-rescuemice bearing the SMC-specific Tric-a
transgene (Figure S2H). Although the rescue mice possess
a highly artificial genetic feature, this observation may suggest
that neuronal defects, together with activated baroreflexes,
take part in vagal hyperactivity. Atypical autonomic activity in
the knockout mice is presumed from another side and discussed
elsewhere (see Mechanism of Tric-a-Knockout Hypertension).
Elevated MyogenicTone in Tric-a-Knockout Artery
Because the in vivo experiments suggested that hypertension is
a primary defect in Tric-a-knockoutmice, we next focused on the
mutant vessels. Elevation of intravascular pressure causes
constriction of VSMCs in resistance arteries, and this behavior,
known as myogenic tone, is a key element for BP maintenance
(Segal, 1994). The mesenteric artery, a typical resistance vessel,
was cannulated with micropipettes to measure its diameter
under a video-monitored perfusion system. Despite showing
normal passive diameters in a Ca2+-free bathing solution
(Figures S3A–S3C), Tric-a-knockout arteries had narrower diam-
eters at the intraluminal pressure levels examined when
compared with control arteries (Figure 2A). Therefore, sponta-
neous myogenic tone was significantly elevated in the mutant
arteries (Figure 2B), and this abnormality seems to directly
develop hypertension in Tric-a-knockout mice. Spontaneous
myogenic tone may be broadly elevated throughout the vascular
system of the knockout mice, because isometric tension
measurements detected elevated resting tone in aortic ring
preparations from Tric-a-knockout mice (Figures S4C–S4F). On
the other hand, normal morphology and gene expression wereCelobserved in the mutant vessels (Figures S3D–S3G), suggesting
no vascular remodeling in Tric-a-knockout mice. Moreover, in
the hypertension-rescue mice, the SMC-specific Tric-a trans-
gene restored elevated myogenic tone developed under Tric-a-
knockout conditions to normal levels (Figure 2C).
In response to acetylcholine, the vasorelaxation factors, nitric
oxide (NO) and unidentified endothelium-derived hyperpolariz-
ing factor (EDHF), are produced in endothelial cells, and their
vasodilating effects can be evaluated with inhibitors attenuating
either signaling pathway (Busse et al., 2002; Koshita et al., 2007).
Although acetylcholine-induced relaxation was obviously facili-
tated, probably as a result of elevated spontaneous myogenic
tone in Tric-a-knockout arteries, fractional rates of NO- and
EDHF-dependent relaxation were similar between the mutant
and control arteries (Figures S4A and S4B). Therefore, it is rather
unlikely that insufficient vasorelaxation signaling in endothelial
cells underlies Tric-a-knockout hypertension.
Abnormal Ca2+-Handling in Tric-a-Knockout VSMCs
Vascular tonus is controlled by the contraction of VSMCs
primarily regulated by intracellular Ca2+ signaling (Segal, 1994).
NO and EDHF syntheses also depend upon Ca2+ signaling in
endothelial cells (Busse et al., 2002). RT-PCR detected coex-
pression of Tric-a and Tric-b messenger RNAs (mRNAs) in
VSMCs and endothelial cells (Figures S5A and S5B), providing
the possibility that TRIC-A channel deficiency may affect both
cell types. In Fura-PE3 ratiometric Ca2+ imaging of mesenteric
arteries lacking endothelial cells, we detected irregular Ca2+
handling in Tric-a-knockout VSMCs, which were categorized
into three abnormalities as described below. In contrast, Tric-
a-knockout endothelial cells in primary culture retained normal
Ca2+-handling properties (Figures S5C–S5I).
The first abnormality of Tric-a-knockout VSMCs was the
elevation of resting intracellular Ca2+ concentration ([Ca2+]i).
Elevated resting [Ca2+]i was attenuated by Ca2+-free bathing
solutions and verapamil (Figure 2D), while inhibitors of Orai and
TRP channels (Smyth et al., 2006) were ineffective (Figures
S4I–S4L). The L-type Ca2+ channel agonist BayK8644 remark-
ably increased resting [Ca2+]i in control VSMCs, but not in the
mutant VSMCs (Figure 2E). Therefore, enhanced steady-state
Ca2+ influx through L-type Ca2+ channels probably elevates
resting [Ca2+]i in the mutant VSMCs. This assumption was
confirmed by the observations that verapamil-sensitive Mn2+
influx was significantly facilitated and Mn2+ influx was insuffi-
ciently activated by BayK8644 in the mutant VSMCs (Figures
S6A–S6C). The proposed hyperactivation of L-type Ca2+ chan-
nels was not caused by increased channel density or altered
channel gating (Figures S6D and S6E). Moreover, elevated
resting [Ca2+]i and enhanced L-type Ca2+ channel currents
were also indicated in aortic SMCs from the knockout mice
(Figures S4G and S4H). In the hypertension-rescue mice, the
SMC-specific transgene reset elevated resting [Ca2+]i induced
under Tric-a-knockout conditions (Figure 2E).
The second abnormality was SR Ca2+ overloading, as Ca2+
leak responses evoked by the ER/SRCa2+-pump inhibitor cyclo-
piazonic acid were obviously enhanced in Tric-a-knockout
VSMCs (Figures 2F and 2G). SMCs contain distinct Ca2+ stores
equippedwith either RyRs or IP3Rs, called caffeine- and IP3-sen-
sitive stores, respectively, that partially overlap and functionallyl Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier Inc. 233
Figure 2. Enhanced Tonus in Tric-a-Knockout Arteries and Abnormal Ca2+ Handling in Tric-a-Knockout VSMCs
(A–C) Myogenic tone measurements in mesenteric arteries. Representative recording data are shown in (A). The dotted line indicates the passive diameter (PD)
determined in a Ca2+-free solution. Myogenic tone (MT) is expressed as the difference between the steady-state and passive diameters at an intravascular
pressure of 70 mmHg. The data for the pressure-diameter relationship and MT are summarized in (B) and (C), respectively.
(D–M) Ca2+ imaging in arterial VSMC segments. Representative effects of extracellular Ca2+ and L-type Ca2+ channel modulators on resting [Ca2+]i are shown in
(D), and the data are summarized in (E). L-type Ca2+ channels were activated or inhibited by BayK8644 or verapamil, respectively. Representative SR Ca2+
leakage and store-operated Ca2+ entry responses (SOCE) are shown in (F), and the data are summarized in (G). Ca2+ leakage induced by the Ca2+-pump inhibitor
cyclopiazonic acid (CPA) reflects total SRCa2+ content. Representative Ca2+ transients induced by caffeine (Caf) are shown in (H), and the data are summarized in
(I). Because caffeine activates RyRs, the Ca2+ transient represents the Ca2+ content of stores bearing RyRs. Representative agonist-induced Ca2+ transients are
shown in (J), and the data are summarized in (K). Because the a1-agonist phenylephrine (PE) induces IP3R-mediated Ca
2+ release, the Ca2+ transient reflects the
Ca2+ content of stores bearing IP3Rs. Sequential responses upon PE and Caf under Ca
2+-free conditions are shown in (L), and the data are summarized in (M).
The data represent the mean ± SEM, and the numbers of mice examined are shown in parentheses. Statistical differences between the genotypes are indicated
by asterisks (*p < 0.05, **p < 0.01 in ANOVA or t test). Statistically significant drug-induced effects within each genotype are indicated by sharps (#p < 0.05,
##p < 0.01 in t test). See also Figures S2–S6 and Table S5.
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TRIC Channel and Vascular Tonusinteract (Berridge, 2008). Caffeine-sensitive stores were not
overloaded in Tric-a-knockout VSMCs, because the RyR acti-
vator caffeine induced similar transients in the mutant and
control cells (Figures 2H and 2I). The third abnormality was in234 Cell Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier Incfacilitated agonist-induced Ca2+ release; the a1-agonist phenyl-
ephrine evoked enhanced IP3R-mediated Ca
2+ transients in Tric-
a-knockout VSMCs (Figures 2J and 2K). In the mutant VSMCs,
normal Ca2+ release was induced by caffeine immediately after.
Figure 3. Impaired Hyperpolarization Signaling in Tric-a-Knockout VSMCs
(A–D) Ca2+ spark imaging. Single VSMCs were prepared from mesenteric arteries and loaded with Fluo-4 for total internal reflection fluorescence imaging. Ca2+
sparks were monitored in normal (5.9 mMKCl) and high-K+ (60mMKCl) bathing solutions. Representative data from the high-K+ measurements are shown in (A).
Ca2+ sparks generated at the numbered time points are shown as pseudocolor-coded images in upper panels. The intracellular fluorescence intensity was
normalized to the baseline intensity to yield the relative intensity (F/F0), and time courses of the intensity changes at the subcellular regions (see the colored circles
in the upper left images; the scale bar represents 10 mm) are illustrated in the lower traces. The data on spark frequency (B), spark amplitude (C), and spark spot
number (D) are summarized.
(E–G) STOCmeasurements. Themembrane potential of isolated VSMCswas controlled by the whole-cell patch-clamp technique tomonitor membrane currents.
Representative recording data are shown in (E). The data of STOC frequency (F) and amplitude (G) are summarized.
The data represent the mean ± SEM, and the numbers of cells examined from at least three mice are shown in parentheses. Statistical differences between the
genotypes are indicated by asterisks (*p < 0.05, **p < 0.01 in t test). See also Figures S2 and S6 and Table S5.
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TRIC Channel and Vascular Tonusenhanced phenylephrine-evoked transients under Ca2+-free
conditions (Figures 2L and 2M). Therefore, the Tric-a deficiency
probably induces Ca2+ overloading specifically in IP3-sensitive
stores. Because submicromolar [Ca2+]i potentiates IP3R activa-
tion (Iino, 1990), the enhanced driving force of the overloaded
luminal Ca2+, together with elevated resting [Ca2+]i, probably
facilitates IP3R-mediated responses in the mutant VSMCs.
Impaired Hyperpolarization Signaling
in Tric-a-Knockout VSMCs
In SMCs, incidental RyR activation generates Ca2+ sparks
(Cheng and Lederer, 2008; Nelson et al., 1995) and evokes spon-
taneous transient outward currents (STOCs) (Ohi et al., 2001;
Wray and Burdyga, 2010). High-speed fluorometric imaging
detected Ca2+ sparks with regular amplitudes generated at hot
spots in single Tric-a-knockout VSMCs (Figures 3A–3D).
However, the frequency of Ca2+ sparks was noticeably reduced
in the mutant cells perfused with a high-K+ solution. On the other
hand, among the three major types of Ca2+-dependent K+ chan-
nels classified with specific inhibitors (Wei et al., 2005), iberio-
toxin-sensitive big-conductance (BK) channels predominantly
mediated STOCs in VSMCs from mesenteric arteries (Fig-
ure S6F). In patch-clamp recording, Tric-a-knockout VSMCs
exhibited reduced STOC frequency at highmembrane potentials
(Figures 3E and 3F), but they nonetheless retained normal STOCCelamplitudes (Figure 3G), cell-surface BK channel density and
gating feature (Figures S6G and S6H). Since the reduced
STOC frequency is fully consistent with the insufficient spark
generation, hyperpolarization signaling generated by functional
coupling between RyRs and BK channels is probably compro-
mised in Tric-a-knockout VSMCs. Meanwhile, weak Ca2+ sparks
and STOCs just above the detection limits are always observed
in the measurements, but cannot be generally evaluated in the
statistical analyses. Although our measurements showed no
differences between the genotypes in a normal bathing solution,
such miniature events might be insufficiently evoked under
resting conditions and steady-state excitability could be altered
in Tric-a-knockout VSMCs.
Enhanced Excitability in Tric-a-Knockout VSMCs
In confocal-microscopic imaging in the continuous presence of
the voltage-dependent dye oxonol VI, depolarization results in
accumulation of the dye into cells to subsequently increase
cellular fluorescence intensity (Apell and Bersch, 1987). The
intensity monitored was normalized to the maximum value in
a 140 mM KCl bathing solution to yield a fractional intensity
(F/F140K) as an index of membrane potential (Figure 4A). In
a normal bathing solution, an increased fractional intensity was
detected inTric-a-knockoutVSMCs,demonstrating theelevation
of resting membrane potential (Figure 4B). To analyze thel Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier Inc. 235
Figure 4. Enhanced Excitability in Tric-a-Knockout VSMCs
In single VSMCs perfused with the bathing solution containing oxonol VI,
cellular fluorescence intensities were monitored by confocal-microscopic
imaging and normalized to the maximum value in the 140 mM KCl solution to
yield the fractional intensity (F/F140K). Representative recoding data are shown
in (A). The data of the resting intensity are summarized in (B). For preparation of
a calibration plot, the data from bathing solutions containing 5.9 (normal
solution), 20, 30, 60, and 140 mM KCl, together with the reported value of
resting membrane potential, are summarized in (C); red and blue lines indicate
the resting fractional intensity and estimated resting membrane potential of
VSMCs prepared from the knockout and rescue mice, respectively. The data
of the intensity shift by iberiotoxin (IBTX) are summarized in (D). The decay time
courses of the fluorescence intensity after replacing the 60 mM KCl bathing
solutionwith the normal solution are shown in (E); fluorescence intensities were
normalized to the value in the 60 mM KCl solution. The half-decay time was
significantly prolonged in Tric-a-knockout VSMCs under normal conditions,
but no difference between the genotypes was observed in the presence of
IBTX (F). The data represent the mean ± SEM, and the numbers of cells
examined from at least three mice are shown in parentheses. Statistical
differences between the genotypes are indicated by asterisks (*p < 0.05,
**p < 0.01 in t test). See also Figure S2 and Table S5.
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TRIC Channel and Vascular Tonusrelationship between the fractional intensity and membrane
potential, wemonitored intensity shifts in several high K+-bathing
solutions and estimated the membrane potentials with the236 Cell Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier IncNernst equation. Direct microelectrode measurements have
determined a resting membrane potential of –59.9 ± 3.0 mV in
VSMCs from mouse mesenteric arteries (Koshita et al., 2007).
The prepared calibration plot estimated a resting membrane
potential of –54.6±1.7mV inTric-a-knockoutVSMCs (Figure4C).
BK channel blockage with iberiotoxin markedly elevated resting
potential in control VSMCs, but not in Tric-a-knockout cells
(Figure 4D). Additionally, a BK channel opener notably induced
vasodilation in the mutant mesenteric arteries, but not in control
arteries (Figure S4A). Therefore, BK channel-mediated STOCs
take part in maintaining resting membrane potential in VSMCs
and spontaneous tonus in resistance arteries, but this mecha-
nism is probably impaired in Tric-a-knockout arteries. This
conclusion is confirmed by the hypertension-rescue mice; the
poor sensitivity to iberiotoxin and elevated resting potential
were restored by the SMC-specific Tric-a transgene (Figures
4B and 4D).
We also examined the repolarizing phase of VSMCs after
60 mM KCl-induced depolarization. Tric-a-knockout VSMCs
showed prolonged repolarizing phases in a normal bathing solu-
tion, while the mutant and control VSMCs exhibited similar repo-
larization in the presence of iberiotoxin (Figures 4E and 4F).
Therefore, BK channels contribute to accelerating repolarization
as well as maintaining resting potential in VSMCs. In Tric-a-
knockout VSMCs, insufficient STOCs likely prolong both depola-
rizing durations and L-type Ca2+ channel opening events.
Mechanism of Tric-a-Knockout Hypertension
In SMCs, persistentCa2+ influx through L-type channels seems to
maintain resting [Ca2+]i andmay refill intracellular stores for further
release processes without direct activation of SR Ca2+ release
(Amberg et al., 2007; Berridge, 2008). Based on the poor Ca2+
spark generation in Tric-a-knockout VSMCs (Figure 3), we
propose that TRIC-A channels primarily facilitate RyR-mediated
Ca2+ release by providing counter-ion movements across the
SR membrane in VSMCs (Figure 5). Because the compromised
Ca2+ sparks evoke insufficient STOCs (Figure 3), resting
membrane potential is elevated and depolarization is prolonged
in Tric-a-knockout VSMCs (Figure 4). Under such ‘‘sensitized’’
conditions, L-type Ca2+ channels are hyperactivated, causing
elevated resting [Ca2+]i in the mutant VSMCs and enhancing
myogenic tone in the mutant vessels (Figure 2 and Figures S4
and S6). The proposed pathogenic mechanism is consistent
with the observations that Tric-a-deficient hypertension is highly
sensitive to Ca2+ channel antagonists (Figure 1), and that the
SMC-specific Tric-a transgene in the hypertension-rescue mice
restored key defects developed under Tric-a-knockout condi-
tions (Figures 2 and 4). In addition to the poor Ca2+ spark genera-
tion, TRIC-AchanneldeficiencyproducedCa2+overload in theSR
and adversely potentiated IP3R-mediatedCa
2+ release in VSMCs
(Figure 2). Therefore, facilitated agonist-induced Ca2+ transients
in response to sympathetic stimuli also could elevate vascular
tonus. However, this mechanism may not obviously contribute
to Tric-a-knockout hypertension, because prazosin induced
similar vasodilatation in the knockout and control mice (Figure 1).
Tric-a-knockout mice developed both hypertension and
bradycardia under the control of the autonomic nervous
system (Figure 1). While impaired hyperpolarization signaling in
VSMCs continuously elevates spontaneous vascular tonus,.
Figure 5. Compromised Ca2+ Signaling in Tric-a-Knockout VSMCs
The loss of TRIC-A channels seems directly to inhibit Ca2+ spark generation
mediated by RyRs, thus attenuating the hyperpolarization signaling produced
by functional coupling between RyRs and BK channels and elevating resting
membrane potential in VSMCs. In the situation, L-type Ca2+ channels (Cav) are
hyperactivated and resting [Ca2+]i are elevated to develop enhanced spon-
taneous tonus in resistance arteries and hypertension in the knockout mice.
Upon sympathetic stimulation, the a1-adrenoceptor (a1AR), trimeric GTP-
binding protein Gq, and phospholipase C (PLC) are coordinately activated to
trigger IP3R-mediated Ca
2+ release. In Tric-a-knockout VSMCs, poor Ca2+
sparks may conversely develop SR Ca2+ overloading to boost IP3R-mediated
Ca2+ release as the contraction signaling.
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TRIC Channel and Vascular Tonushypertension was masked during nighttime in the knockout
mice. Therefore, it may be that sympathetic activity of Tric-a-
knockout mice is adjusted lower during nighttime compared to
that of control mice. However, this presumption may conflict
with our HR monitoring observations. As discussed above,
daytime bradycardia seems to be mainly due to baroreflex-
mediated vagal hyperactivity. During nighttime, normal sympa-
thetic and vagal activities are reasonably proposed in the
knockout mice, based on their regular HRs under normotensive
conditions. The discrepancy between sympathetic activities
proposed on the basis of BP and HR monitoring cannot be ex-
plained by the baroreflex depression, in which baroreflex sensi-
tivity becomes attenuated as hypertension progresses. Although
the pharmacological responses and circadian hemodynamic
profiles suggest that the central autonomic system is regularly
functioning in the knockout mice, Tric-a gene ablation could
induce mild autonomic imbalance to generate aberrant stimuli
of targeted tissues. For example, TRIC-A channel deficiency
might impair cellular functions in certain pre- or postganglionic
neurons of the peripheral autonomic system, since TRIC channel
subtypes are coexpressed in neurons (Yazawa et al., 2007). InCeladdition to elevated vascular tonus as an absolute predisposing
risk for hypertension, aspects of autonomic imbalance might
contribute to the atypical hemodynamic features observed in
Tric-a-knockout mice.
Preferential Coupling between RyR and TRIC-A
Channels in VSMCs
In cardiomyocytes, RyRs are abundantly expressed in the SR,
while IP3Rs presumably reside in perinuclear regions at low
expression levels. Resulting caffeine- and IP3-sensitive stores
seem to contribute to distinct Ca2+ signals regulating contraction
and gene expression, respectively (Kockska¨mper et al., 2008).
Knockout mice lacking both TRIC channel subtypes exhibit
embryonic heart failure, and the mutant cardiomyocytes show
compromised RyR-mediated Ca2+ release (Yazawa et al.,
2007). Meanwhile, Tric-a-knockout and Tric-b-knockout mice
undergo normal embryonic development, indicating that TRIC
channel subtypes possess compatible functions in embryonic
cardiomyocytes. However, in other cell types, subtype-specific
coupling may be flexibly formed between Ca2+ release and
TRIC channels. In alveolar type II epithelial cells, agonist-induced
Ca2+ release stimulates the synthesis and secretion of surfactant
phospholipids for lung expansion. Tric-b-knockout mice exhibit
neonatal lethality due to respiratory failure, and the mutant alve-
olar type II cells show impaired IP3R-mediated Ca
2+ release and
insufficiently deal with surfactants (Yamazaki et al., 2009). In this
case, functional coupling between IP3Rs and TRIC-B channels is
set by the gene expression profile; alveolar epithelial cells contain
IP3RsandTRIC-Bchannels, but expressions ofRyRsandTRIC-A
channels are undetectable. In skeletal muscle, RyRs and TRIC-A
channels are abundantly distributed in the SR, while IP3Rs and
TRIC-B channels are expressed at low levels. In Tric-a-knockout
skeletal muscle, Ca2+ overloading and membranous vacuolation
are developed in the SR likely due to compromised RyR-medi-
ated Ca2+ release (Zhao et al., 2010). Although the abnormalities
suggest selective coupling between RyRs and TRIC-A channels,
it may be superficially formed according to predominant expres-
sion of TRIC-A channels. In contrast, VSMCs equip caffeine- and
IP3-sensitive stores roughly equivalent in Ca
2+ content (Figure 2)
and contain Tric-a and Tric-bmRNAs at similar levels (Figure S5).
Insufficient Ca2+ sparks and facilitated IP3R-mediated Ca
2+
release in Tric-a-knockout VSMCs (Figures 2 and 3) clearly
suggest preferential coupling between RyRs and TRIC-A chan-
nels, and reversely may further presume another coupling
between IP3Rs and TRIC-B channels. However, the mechanism
underlying the proposed subtype-selective coupling is unknown,
and direct interaction between RyRs and TRIC channels was not
detected in crosslinking experiments using skeletal muscle SR
preparations (M.N. and H.T., unpublished data). The proposed
coupling could be caused by restricted residency of TRIC
channel subtypes in caffeine- or IP3-sensitive stores, and/or
distinct channel characteristics electrophysiologically detected
between the subtypes (Pitt et al., 2010).
Even though TRIC-A channel deficiency inhibits RyR-medi-
ated Ca2+ release, Tric-a-knockout VSMCs developed Ca2+-
overloaded IP3-sensitive stores (Figure 2). This unexpected
abnormality may predict the existence of ‘‘Ca2+ laundering’’
between caffeine- and IP3-sensitive stores. For example, Ca
2+
pumped into caffeine-sensitive stores bearing impaired Ca2+l Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier Inc. 237
Figure 6. TRIC-A SNPs Associated with Hypertension and Antihypertensive Efficacy
(A) LD plot of genomic region encompassing TRIC-A gene. The plot was illustrated with common SNPs and downloaded from the HapMap database. The
C19ORF42 gene encodes a hypothetical protein. The transcriptional direction of each gene is indicated by an arrow. LD SNPs around the TRIC-A gene cluster to
generate the blocks 1–3 (block 1 is located outside of this map, see Figure S7B). Of SNPs genotyped in the case-control study (red rs ID), five SNPs showing
significant association with hypertension (see Table 1) were in tight LD. Of eight SNPs examined in the GEANE study, five sites are localized in blocks 2 and 3 (blue
rs ID), but three sites are in the 30-flanking region outside of the map region. Two SNPs were examined in both the case-control and GEANE studies (purple rs ID).
(B and C) In the GEANE study, valsartan (ARB), indapamide (TZD), and amlodipine (CCB) were administered at standard doses to hypertensive patients, and
association of SNP genotypes with the hypotensive effects was examined.
(B) When drug-induced reductions in mean BP (DMBP) were compared among SNP genotypes, insufficient BP-lowering effects were found to be associatedwith
minor allele homozygosity at TRIC-A LD-SNPs, including rs901792. The data represent the mean ± standard deviation, and the subject numbers are shown in
parentheses. *p < 0.05, **p < 0.01 in t test.
(C) For further analysis of the BP-lowering effects, SBP and DBP data were subjected to a regression analysis adjusting for baseline values before drug
administration. In the bar graphs, the b values represent specific drug-induced effects in the minor allele homozygotes. The filled circles indicate p values (red
circles, p < 0.05 in t test) at each SNP site. See Tables S3 and S4 for the overall picture of the analysis.
See also Figure S7 and Tables S1–S4.
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retaining intact Ca2+ release assembly until it becomes over-
loaded in the mutant VSMCs. In addition to TRIC and Ca2+
release channels, many Ca2+-handling proteins are coopera-
tively functioning in the ER/SR at quite different levels among
cell types. Recent live-cell imaging revealed that the ER/SR
membranes exhibiting cell-type specific ultrastructures are
dynamic networks, constantly remodeling in a condition-depen-
dent manner. Such protein-compositional, morphological and
kinetic characteristics could underlie the Ca2+ laundering, as
well as the preferential channel coupling discussed above. To
evaluate these mysterious mechanisms proposed by Tric-a-
knockout mice, VSMCs lacking or overexpressing TRIC-B chan-
nels would provide useful model systems in our future studies.
TRIC-A Variants Associatedwith Essential Hypertension
It is important to define lifestyle habits and genetic variations
associated with hypertension, because it is a major risk factor
for stroke and ischemic heart disease. Although genome-wide
studies have recently identified several single-nucleotide poly-238 Cell Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier Incmorphisms (SNPs) associated with susceptibility to essential
hypertension in the human genome (for example, Newton-
Cheh et al., 2009), the relationship between hypertension and
the TRIC-A (TMEM38A) gene is unknown. To survey genetic
mutations causative for hypertension in the TRIC-A gene, we
sequenced genomic segments from Japanese patients with
severe hypertension. Although no mutation was found in the
analysis, we observed several common TRIC-A SNPs in linkage
disequilibrium (LD) (Figure S7A). The HapMap database for
genetic variants tentatively classified SNPs around the TRIC-A
gene into three blocks; block 1 lying >30 kb upstream of the
TRIC-A gene, block 2 located in the putative promoter overlap-
ping with the neighboring gene, and block 3 covering the
TRIC-A transcriptional region (Figure 6A and Figure S7B).
To examine the relationship between TRIC-A variants and
hypertension, we conducted an association analysis of the tag
SNPs selected from the LD blocks. In a Japanese population-
based case-control study with 1119 hypertensive and 1140
normotensive subjects (Table S1), PCR genotyping demon-
strated that several LD SNPs in blocks 2 and 3 are positively.
Table 1. Association of TRIC-A Tag SNPs with Essential Hypertension
Genotype Frequency (n) Association Analysis Linkage Disequilibrium
Hypertensive Normotensive Odds (95% CI) p Block D0 LOD r2
rs2363857 GG/GA/AA 1/40/1089 1/46/1065 0.86 (0.571.30) 0.47 block 1 0.826 3.72 0.004
rs1020723 GG/GA/AA 3/73/1052 0/79/1032 0.98 (0.721.35) 0.92 block 1 0.586 2.00 0.004
rs17796739 TT/TC/CC 75/390/624 54/378/683 1.18 (1.031.36) 0.018* block 2 reference reference reference
rs2279448 CC/CT/TT 3/116/972 5/112/1006 1.03 (0.801.33) 0.816 block 2 1.000 13.98 0.018
rs8101030 AA/AC/CC 92/437/576 75/416/634 1.16 (1.021.33) 0.026* block 2 0.995 617.54 0.843
rs4808521 GG/GA/AA 97/455/555 87/428/614 1.14 (1.001.30) 0.048* block 3 0.913 436.24 0.666
rs730120 AA/AG/GG 69/397/641 55/380/699 1.16 (1.011.33) 0.041* block 3 0.973 658.63 0.911
rs901792 CC/CT/TT 114/481/496 108/444/558 1.14 (1.001.29) 0.048* block 3 0.928 384.36 0.587
rs2431808 GG/GA/AA 9/170/952 11/167/928 1.03 (0.841.27) 0.779 block 3 0.185 0.52 0.001
rs2279449 AA/AG/GG 26/247/829 31/276/824 0.89 (0.761.06) 0.189 block 3 0.984 35.20 0.048
The case and control subjects were genotyped, and the data were analyzed using an allelic model. Statistical differences between the genotypes are
indicated by an asterisk (*p < 0.05). CI, confidence interval. The tag SNPs examined were selected from the 110 kb region (chromosome 19, 16560K to
16670K in the HapMap database), in which three LD blocks were proposed in the analysis using Haploview software (see Figure S7). Pairwise LD prop-
erties were calculated using rs17796739 as a reference; the standardized disequilibrium coefficient (D0), logarithm of odds (LOD), and squared allele-
frequency correlation (r2) are given. See also Figure S7 and Table S1.
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SNP rs901792 variations in block 3, the minor C allele with a
frequency of30%was found to be a risk allele. Themost signif-
icant association with hypertension was found at rs17796739,
an LD SNP in block 2. All positively associated SNPs in our anal-
ysis showed nearly absolute LD, i.e., LD = 1 and high r2, and
blocks 2 and 3 formed a single LD block spanning the entire
TRIC-A gene in the Japanese population. On the other hand,
no significant association was found in non-LD SNPs in block
2 or 3 or in SNPs in block 1 (Figure 6 and Table 1).
TRIC-A Variants Associated with Efficacy
of Antihypertensive Drugs
The ‘‘GEANE (gene evaluation for antihypertensive effects of
drugs) study’’ used 130 Japanese hypertensive patients to ex-
amine the depressor effects of the angiotensin II AT1-receptor
blocker valsartan (ARB), Ca2+ channel blocker amlodipine
(CCB) and thiazide diuretic indapamide (TZD) at their standard
doses (Table S2). When BP shifts were directly examined, micro-
array genotyping detected that these antihypertensive drugs are
less effective for the hypertension risk allele homozygotes at LD
SNP sites in the TRIC-A gene (Figure 6B and Table S3). For
example, the patients with the CC genotype at rs901792 were
low responders to the antihypertensive medications. When
ARB-induced depressor effects were closely evaluated by
adjusting for baseline BP values (Purcell et al., 2007), the CC-
homozygous patients showed an insufficient diastolic BP
(DBP) reduction compared to other genotypes, while no differ-
ence was detected in systolic BP (SBP) reduction between the
genotypes (Figure 6C and Table S4). Therefore, the minor allele
was associated with a DBP-resistant characteristic during ARB
therapy. This significant association was detected in four LD
SNPs of blocks 2 and 3, but disappeared in SNPs of block 1.
Weak association of the hypertension-risk SNPs with insuffi-
cient DBP reduction was also observed in TZD and CCB thera-
pies (Figure 6C). However, it is worth noting that the relationships
of DBP-lowering effects with SNP genotypes were slightly
different among the antihypertensive medications. For example,Celrisk allele homozygotes at rs8112375 and rs10403969 were
significantly associated with ARB resistance. Similar trends
were observed in the CCB therapy, while no association was
indicated in the TZD therapy. However, it is clear that additional
studies in more patients are required to directly link the hyper-
tension-risk SNPs to their different pharmacological efficacies
between the antihypertensive medications.
TRIC-A Variants and Tric-a-Knockout Hypertension
The presented data demonstrated that the TRIC-A LD-SNPs are
associated with essential hypertension and reduce the efficacy
of antihypertensive agents. Therefore, these SNPs can con-
tribute to developing preventive care approaches and per-
sonalizedmedication to treat hypertension. However, the biolog-
ical alterations induced by the TRIC-A variants remain to be
investigated in future studies. Based on our data from Tric-a-
knockout mice, it may be reasonably assumed that the TRIC-A
minor allele as a hypertension risk is accompanied by weak
gene expression in VSMCs. Indeed, the block 2 SNPs at the
putative promoter region showed slightly lower p values in asso-
ciation with hypertension than the block 3 SNPs (Table 1). In this
regard, there may be a discrepancy between observations from
Tric-a-knockout mice and hypertensive patients, i.e., Tric-a-
knockout mice were hypersensitive to Ca2+ channel antagonists
(Figure 1), but amlodipine exerted poor depressor effects in
hypertensive patients homozygous for the TRIC-A risk allele (Fig-
ure 6). However, the Ca2+ channel antagonists were adminis-
tered at submaximal doses to the knockout mice, while amlodi-
pine was dispensed at a regular dose within the safety margin to
the hypertensive patients. The knockout mice bearing appar-
ently uniform genetic backgrounds develop monogenic hyper-
tension, while combined multigenic factors and lifestyle habits
including aging effects give rise to essential hypertension in
human subjects with non-uniform genetic backgrounds. There-
fore, appropriate care must be taken when directly comparing
of the data from the knockout mice and hypertensive patients.
Our finding with Tric-a-knockout mice redefined aspects of
the contribution of SR Ca2+ handling in VSMCs to physiologicall Metabolism 14, 231–241, August 3, 2011 ª2011 Elsevier Inc. 239
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TRIC Channel and Vascular TonusBP maintenance. As in the case of TRIC-A channels, BK chan-
nels contribute to hyperpolarization signaling in VSMCs, and
several variants of the BK channel subunit genes are highly
associated with hypertension (Ko¨hler, 2010). As well as the
TRIC-A gene, our present observations may implicate the genes
encoding other SR Ca2+-handling proteins as candidates for
genes that contribute to pathology in essential hypertension.
EXPERIMENTAL PROCEDURES
Hemodynamic and Myogenic Tone Measurements
Tric-a-knockout mice were generated as described previously (Yazawa et al.,
2007), and all experiments were predominantly designed using young-adult
male mice (8–12 weeks old) in this study. For SMC-specific expression of
TRIC-A channels, a transgene was constructed by inserting the mouse Tric-a
cDNA between the a-smooth muscle actin promoter and the polyadenylation
sequence (Nakano et al., 1991). Circadian hemodynamic profiles were an-
alyzed with implantable devices in telemetric BP and electrocardiogram
monitoring systems (Data Sciences International, USA). BP and HR were
also monitored by conventional tail-cuff plethysmography (Softron, Japan).
Myogenic tone and isometric tension measurements in vascular preparations
were carried out as described previously (Iwamoto et al., 2004).
Physiological Measurements in VSMCs
The vessel preparations were used for anatomical and gene expression anal-
yses (Yazawa et al., 2007; Hotta et al., 2007). For examination of Ca2+ handling
in VSMCs, endothelial cells were removed from vascular preparations, and the
resulting segments were incubated with Fura-PE3AM and subjected to ratio-
metric imaging with excitation at 340 and 380 nm, and emission at >510 nm
(Iwamoto et al., 2004). Cultured endothelial cells from the aorta were subjected
to immunocytochemistry and Fura-2 Ca2+ imaging (Kobayashi et al., 2005).
To monitor Ca2+ sparks, single VSMCs prepared from mesenteric arteries
(Ohi et al., 2001) were incubated with Fluo-4AM, and subjected to imaging
with excitation at 488 nm and emission at >520 nm with a total internal reflec-
tion fluorescence microscopy system. To monitor Mn2+ quench of Fura-2 fluo-
rescence, VSMCs loaded with Fura-2AM were subjected to imaging with
excitation at 360 nm and emission at >510 nm (Hashii et al., 2000). To measure
K+ and Ca2+ channel currents, the whole-cell voltage clamp technique was
applied to isolated VSMCs (Hotta et al., 2007; Ohi et al., 2001). Although widely
used voltage-sensitive dyes often activate BK channels, such side effects of
oxonol VI seem to be minimal (Morimoto et al., 2007). For monitoring of the
membrane potential with oxonol VI (Apell and Bersch, 1987), isolated VSMCs
were subjected to confocal-microscopic imaging with excitation at 559 nm
and emission at >606 nm (Masumiya et al., 2009).
Case-Control and GEANE Studies
Hypertensive cases and normotensive controls were recruited from several
regions in Japan. Genomic DNAs from blood samples were genotyped with
the TaqMan probe assay with primers and probes purchased from the
Assay-on-Demand system (Applied Biosystems). Frequency differences in
each SNP were assessed by the chi-square test. The GEANE study utilized
an open random crossover protocol to examine the antihypertensive effects
of ARB, TZD, and CCB in untreated Japanese with essential hypertension.
Before and after each drug medication for three months, BP was determined
and blood samples were collected for SNP genotyping (Human Mapping
500K, Affymetrix). The data were examined in the two evaluation models
(Purcell et al., 2007): (1) linear regression for differences in BP from premedica-
tion to postmedicationwith only SNPs as a fixed effect (Figure 6B) and (2) linear
regression for postmedication BP with SNPs and premedication BP as cova-
riates (Figure 6C).
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